Rapid tastant detection is necessary to prevent the ingestion of potentially poisonous compounds. Behavioral studies have shown that rats can identify tastants in ϳ200 ms, although the electrophysiological correlates for fast tastant detection have not been identified. For this reason, we investigated whether neurons in the primary gustatory cortex (GC), a cortical area necessary for tastant identification and discrimination, contain sufficient information in a single lick cycle, or ϳ150 ms, to distinguish between tastants at different concentrations. This was achieved by recording neural activity in GC while rats licked four times without a liquid reward, and then, on the fifth lick, received a tastant (FR5 schedule). We found that 34% (61 of 178) of GC units were chemosensitive. The remaining neurons were activated during some phase of the licking cycle, discriminated between reinforced and unreinforced licks, or processed task-related information. Chemosensory neurons exhibited a latency of 70 -120 ms depending on concentration, and a temporally precise phasic response that returned to baseline in tens of milliseconds. Tastant-responsive neurons were broadly tuned and responded to increasing tastant concentrations by either increasing or decreasing their firing rates. In addition, some responses were only evoked at intermediate tastant concentrations. In summary, these results suggest that the gustatory cortex is capable of processing multimodal information on a rapid timescale and provide the physiological basis by which animals may discriminate between tastants during a single lick cycle.
Introduction
A primary function of the gustatory system is to analyze the chemosensory, somatosensory, and hedonic properties of potential food sources to determine whether they should be ingested. In analyzing neurophysiological responses from behaving animals, the interpretation of chemosensory signals may be confounded with these multisensory and motivational contributions. Many of these influences can be controlled by using anesthetized animals, because in such studies there is no motivational component, the tongue is immobilized, and there is continuous stimulus flow, which can cause somatosensory system adaptation to mechanical and thermal input. However, in freely behaving, motivated animals, the somatosensory and gustatory systems are intimately coupled and contribute to stimulus coding (Zeigler et al., 1984; Berridge and Fentress, 1985; Todrank and Bartoshuk, 1991; CerfDucastel et al., 2001; Katz et al., 2002; de Araujo and Rolls, 2004; Small et al., 2004; Gutierrez et al., 2006) . Previous electrophysiological recordings from the rat primary gustatory cortex (GC), a cortical area necessary for tastant identification and discrimination (Yamamoto et al., 1980 (Yamamoto et al., , 1984 Ogawa et al., 1992) , have been performed in rats permitted to freely lick to receive tastants (Yamamoto et al., 1988 (Yamamoto et al., , 1989 Bahar et al., 2004) . However, in these circumstances, studies of gustatory coding may have been confounded by somatosensory input driven by rhythmic licking.
To separate the neural activity elicited by the tastant itself from the activity elicited by the sensory and motor features of licking, rats were trained to receive tastants on a fixed ratio schedule (FR5) while GC responses were recorded from implanted microelectrode bundles. In this testing schedule, rats licked a dry sipper spout four times and received a tastant only on the fifth lick. Therefore, the responses to licking alone can be compared with those elicited by tastants. In addition, trained rats have been shown to identify tastants in ϳ200 ms (Halpern and Tapper, 1971) , which is about the time frame of one lick cycle (Spector et al., 1996; Travers et al., 1997) , but the electrophysiological correlates of rapid tastant identification have yet to be identified. We chose to analyze such multimodal, temporally oscillating responses with a generalized linear model (glm). In this approach, the logarithm of the Poisson firing rate for each neuron is modeled as a linear combination of explanatory variables, such as indicators of the various tastant/concentration combinations and of the time lapse since the lick onset (McCullagh and Nelder, 1989; Grimmett and Stirzaker, 2001) . With the glm, we have successfully distinguished between reinforced and unreinforced licks, separated tastants and their concentrations, and measured the evolution of the chemosensory response over the course of a single lick. These results suggest that tastant-evoked responses in the rat gustatory cortex process multimodal information on a rapid timescale and provide the physiological basis by which animals might discriminate between tastants during a single lick.
were chosen to approximately match previous electrophysiological studies (Plata-Salaman et al., 1995; Katz et al., 2001 Katz et al., , 2002 . All chemicals were obtained from Sigma (St. Louis, MO) and were reagent grade. In addition to being used as a rinse, water was also considered to be a tastant (de Araujo et al., 2003) . This is because the responses it evoked differed from the unreinforced licks and because its activity could be discriminated from the activities elicited by the other tastants (see Figs. 3, 4, [7] [8] [9] [10] [11] . In addition, taste receptor cells respond to changes in volume such as may occur in the presence of water (Lyall et al., 1999 (Lyall et al., , 2005 .
Most of the experiments were performed with a fixed ratio schedule (FR5) in which water-deprived rats were trained to lick a dry sipper spout from which 50 l of a given tastant were delivered every fifth lick. A trial consisted of eight deliveries of a particular tastant, whereupon the trial ended and the subject entered a 5-10 s intertrial interval (ITI) . At the end of this ITI, one or two water "washouts" were delivered (50 -100 l). This washout was followed by a second 5-10 s ITI period, whereupon a subsequent trial with a different tastant began. The choice of tastant to be delivered on each trial was randomized without replacement using a Latin square protocol. Within a given testing session, each tastant was presented in multiple trials (3-8) for a total of 24 -64 deliveries. The tubes were randomly assigned to contain different tastants on each day of testing to prevent the rats from anticipating the delivery of certain tastants based on possible auditory cues from the solenoids.
We used 50 l of fluid as a follow up to previous work in our laboratory (Katz et al., 2001 (Katz et al., , 2002 , where responses in rat GC were recorded after the delivery of 50 l of tastants through intraoral cannulas. Another reason for using this volume is that we also wanted to stimulate a relatively large region of the tongue and palate.
Experiments were also performed using a variable ratio schedule (VR5) to test for possible effects of tastant expectation. After the subjects had become accustomed to the FR5 schedule, they were switched to a VR5 schedule. In this schedule, four to six licks were required for the tastant to be delivered, with an average criterion of five licks. The number of licks required was randomized without replacement. This permitted the activities of the reinforced licks for each schedule to be compared to assess whether chemical tuning remained stable. If the response profile remained stable, then this implied that the evoked responses were indeed strictly chemosensory and were not confounded by the effects of expectation.
Data analysis. For hedonically positive tastants, rats lick at ϳ6 -8 Hz (Wiesenfeld et al., 1977; Spector and St. John, 1998; Gutierrez et al., 2006) or about every 150 ms. For this reason, a 150 ms window was taken from the time of each tastant delivery. This window was further divided into 10 15-ms bins. Empirically, we found a 15 ms bin to contain a sufficient number of spikes such that the spike rate could be modeled reasonably well (see below).
A second 150 ms window was taken starting from the time of the third unreinforced lick in the FR5 cycle and these spikes were similarly placed into 10 15-ms bins. The spike train for this unreinforced lick was chosen to represent the background activity before tastant administration because the third lick was sufficiently distanced from the time of the tastant delivery such that overlap between the two 150 ms windows would not occur. Because the interval between some licks can be shorter or longer than 150 ms, some of the binned data will contain or miss spikes from the subsequent lick. However, this is relatively rare because most chemosensitive responses were transient, had an onset latency of ϳ50 ms, and finished before the next lick, and because the glm accurately represented the firing rates (see Figs. 2, 3, [7] [8] [9] [10] [11] [12] . Consequently, we believe the use of a standard 150 ms interval is justified. We also considered normalizing the number of spikes that occurred during each interlick interval by the length of the interval, but this would have produced fractional spike counts that could not have been modeled with a Poisson distribution.
The binned spike trains were tagged with unique identification numbers representing the bin number in the window and imported into and analyzed in the statistical program "R" (www.R-project.org). The spike count X for each bin was modeled as X ϳ Poisson (); in other words,
where may depend on the particular neuron, the bin, reinforcement, trial number, and delivery number. The generalized linear model says the following:
where the columns of the matrix X contain the covariates, which include indicator variables for reinforcement, concentrations of each tastant, bin number, trial number, tastant delivery number within each trial, and possibly their interactions. The parameter vector ␤ is the relative contribution of each covariate to the fit of the data, and ␤ 0 is the intercept. The model was fitted separately for each neuron. Terms for main effects and interactions were included according to the amount of deviance they explain. [The more complex of two nested models will always have a higher likelihood, but it is only preferred to the simpler model if the reduction in deviance (twice the negative natural logarithm of the likelihood, a generalization of the sum-of-squared-errors from normaldistribution regression models) is large compared with the increase in model dimension.] The significance of each term was assessed according to the 2 distribution. Neurons were classified as chemosensory if they could both discriminate between reinforced and unreinforced licks and between tastants [i.e., the coefficients of the model that corresponded to reinforcement and to the tastants were required to be significant (all values of p Ͻ 0.05)].
To test the ability of the model to fit the data accurately, a 90% predictive interval was constructed around each of the fitted values, and the number of corresponding observed values that fell within this interval was calculated. Ideally, 90% of the observed data should be contained within the 90% predictive interval. We found that the coverage probabilities were reasonable, being ϳ86% (see Results).
We also tested whether bin sizes other than 15 ms would account for a greater percentage of the deviance in the data sets. Twenty chemosensory neurons were randomly chosen from three animals, and the spike trains were modeled with bin sizes of 30, 75, and 150 ms. For each neuron, the likelihood ratio test was used to compare these models with the model based on 15 ms bins. In all cases, the model based on the 15 ms bins captured significantly more deviance than models constructed with a larger bin size. In particular, relative to the model based on 15 ms bins, the models based on bins of 30, 75, and 150 ms captured an average 93.4, 87.1, and 81.8% of the total deviance. These percentages were derived by taking the amount of deviance for which each model accounted and dividing it by the amount of deviance accounted by the model based on 15 ms bins. Relative to the first (15 ms) model, the performance of the models for 30, 75, and 150 ms bin sizes significantly decreased as follows: values of p Ͻ 0.01 (with 12 of 20 neurons differing significantly), values of p Ͻ 0.01 (for all 20 neurons) and values of p Ͻ 0.004 (for all 20 neurons), respectively.
To test for the effects of expectation of the tastant in the FR5 schedule, the data were binned into 15 ms increments and the second and fourth unreinforced licks were compared. These particular licks were chosen because they were well separated from the tastant. In addition, these licks might differ if the rats could track the number of licks necessary for tastant delivery (Meck, 2003) . As a second test for expectation, the reinforced licks obtained under the FR5 and VR5 schedules were compared. It is possible that the spike trains recorded during reinforced licks in the FR5 schedule are a composite of tastant-related information and signals arising from expectation for receiving a tastant on a particular lick. In contrast, spike trains recorded during the VR5 schedule should contain chemosensory information without the expectation for reinforcement on a particular lick. If the chemical tuning profiles of neurons do not differ under the FR5 and VR5 schedules, then the effects of expectation would not confound our identification of chemosensory signals.
Calculations of entropy, time to peak, and onset and offset times. The entropy ( H), or breath of tuning, was calculated for each neuron by means of the following (Smith and Travers, 1979) :
where H is the entropy and possesses a maximal value of 1 when a neuron responds equally to all n tastants. The proportional response p i , evoked by each tastant, is expressed as a ratio of the firing rate for a given tastant over the 150 ms window normalized by the sum of the firing rates obtained for all tastants. In the case in which a neuron responds equally to all tastants, p i ϭ 1/n, with i referring to the ith tastant, n as the number of tastants, and kЈ as the scaling constant such that the maximum value that H can attain is 1. (In the case in which a neuron responds equally well to all n tastants, k ϭ 1 log n .) For three, four, and five tastants, kЈ ϭ 2.096, 1.661, and 1.431, respectively. For each neuron, H was calculated using the concentration for each tastant that evoked the maximal response. Hence, each tastant was represented once in the calculation. For each tastant, the peak response times were defined as the time at which the maximum evoked response occurred in the peristimulus time histogram (PSTH). These data were then averaged across neurons to identify average peak firing rates and times for each tastant.
All data are reported as mean Ϯ SEMs. Histology. After completion of the experiments, the rats were deeply anesthetized with an intraperitoneal injection of Nembutal (150 mg/kg) and perfused transcardially with 120 cc of PBS followed by 120 cc of formalin (10%). Brains were removed and stored in a sucrose/formalin solution (30% sucrose w/v) for 24 h of postfixation. The tissue was sectioned through GC in 50 m coronal slices and stained with cresyl violet to visualize cell bodies. This is sufficient to visualize electrode tracks, which were subsequently mapped to verify placement.
Results

Histological results
Electrode placement in GC was verified for all implanted rats. Figure 1 depicts a coronal section through GC in which the area of termination for the electrode tips is visible. Across all five brains, the electrodes generally spanned layers II-VI, and the electrodes were located primarily in the dysgranular insular cortex. We note that the different types of neuronal responses that are presented below could potentially originate in different cortical layers (Krupa et al., 2004) .
Electrophysiological results
The results are divided into two main sections. The first section details several "types" of evoked responses obtained while rats were engaged in the FR5 schedule. The second section describes how GC neurons responded to changes in concentration and also how the glm was used to fit the chemosensory data and classify the neurons. A total of 178 single units were obtained from five animals, with an average of 35.6 neurons per rat and an average of 1.4 neurons per wire. The numbers of neurons involved in chemosensory, sensorimotor, and/or anticipatory activity are given in Tables 1 and 2 .
"Neuronal types"
Figures 2-4 present examples of responses obtained from rats engaged in the FR5 protocol. The top part of each panel depicts the raster plots, which are sequentially arranged such that the spike train corresponding to the first tastant delivery occurs at the top of the plot. The average activity across all of the deliveries of a particular tastant is depicted in the PSTHs positioned below the raster plots. In these panels, a given tastant was delivered at 0 s (straight red vertical line). The two dry lick times before and after tastant delivery occurred at about Ϯ150 ms and are denoted by the red inverted triangles overlaid on the raster plots.
Based on the factors that significantly contributed to the generalized linear model (glm), neurons were classified into different types.
Chemosensory neurons
Chemosensory neurons were defined as those that discriminated between tastants (including water) as well as discriminating between reinforced and unreinforced licks. Chemosensory neurons comprised 34.3% (61 of 178) of the total neuron population. Figure 2 depicts examples of four different neurons obtained from the same recorded neural ensemble that reveal characteristics common to nearly all of the chemosensory neurons identified in this study. In these four neurons, the responses to the reinforced licks were greater than those for the unreinforced licks (all values of p Ͻ 10 Ϫ23 ). One outstanding feature of these responses was that their spike trains often exhibited great temporal precision across multiple tastant deliveries. In this regard, the spike trains of the neurons shown in Figure 2 , A-C, displayed a latency of 50 -70 ms after tastant delivery, peak response times of 80 -90 This table presents the maximum (Max) firing rates (in spikes/second) and the times (in milliseconds) at which they occurred for reinforced licks (evoked) and unreinforced licks (background), and the range of peak firing rates is also presented. The onset and offset times for the chemosensory responses are also presented. The data are given as the means Ϯ SEMs. , and the previous and subsequent licks are visible at around Ϫ150 and 150 ms, respectively. These conventions will be followed throughout this paper unless explicitly noted. One outstanding feature of these responses is that their spike trains often exhibit great temporal precision across multiple tastant deliveries (A-C) and that the reinforced activity is much greater than the activity for the dry licks. The spike trains of these three neurons displayed a latency of 50 -70 ms after tastant delivery, peak response times of 80 -90 ms, and offset times of ϳ100 -120 ms. An example of a response to sucrose that continued firing beyond the time of the subsequent lick is shown in D.
ms, and offset times of ϳ100 -120 ms (for population averages, see Table 1 ). However, as seen in Figure 2 D, the activity of a small fraction (8.4%; 15 of 178) of chemosensory neurons continued beyond the time of the subsequent lick. Despite this, the neuron represented in Figure 2 D contained sufficient chemosensory information in the first 150 ms to enable the glm to distinguish among tastants ( p Ͻ 7 ϫ 10 Ϫ5 , for all five tastants and their concentrations) (data not shown) as well as between unreinforced and reinforced licks ( p Ͻ 6 ϫ 10 Ϫ35 ). Because the responses of 91.6% (153 of 178) of the neurons had offset times well before the onset of the lick after the delivery of the tastant (Table 1) , and for the other reasons outlined in Materials and Methods, we have used a 150 ms window to analyze the chemosensory responses obtained under the FR5 schedule.
One additional observation that is clearly evident in these figures is that, after receiving a tastant, the animal may pause before licking again. This was most frequently observed for citric acid (Fig. 2C ) and quinine (see Fig. 11 ), but the same behavior was also exhibited, albeit to a somewhat lesser extent, for other tastants (see Figs. 7, 9) .
The responses of a single chemosensory neuron to five different tastants are depicted in Figure 3 . This neuron was unresponsive to 0.3 M MSG but responded differentially to the other tastants. The activity corresponding to the reinforced and unreinforced licks was significantly different ( p Ͻ 1 ϫ 10 Ϫ35 ), and the firing patterns corresponding to different tastants were also different ( p Ͻ 1 ϫ 10 Ϫ16 ). It is also seen that the firing pattern occurred with great fidelity at specific times. For example, this neuron responded to sucrose on 18 of 24 deliveries with at least one spike between ϳ90 and 120 ms. The averaged PSTH for all tastant trials (only five are presented) is shown in the far right panel. A peak at about Ϫ150 ms in the averaged PSTH corresponds to the fourth unreinforced lick, indicating that this neuron was also lick-sensitive ( p Ͻ 4 ϫ 10
Ϫ13
). The 61 chemosensory neurons were then characterized with regard to their tuning properties as represented by their entropies ( H). Of the four chemosensory neurons that were tested with just three tastants (independent of concentration), one neuron responded to three, two responded to two, and one responded to a single tastant. For these four neurons, H ϭ 0.976 Ϯ 0.013. Of the eight neurons that were tested with four tastants, one responded to all four and seven responded to two tastants. For these eight neurons, H ϭ 0.988 Ϯ 0.007. Of the 50 neurons that were tested with five tastants, 52.9, 25.9, 11.7, 5.9, and 3.9% responded to five, four, three, two, and one tastant, respectively (Fig. 4 A) . For these neurons, H ϭ 0.968 Ϯ 0.009. In summary, we found GC neurons to be very broadly tuned.
We also calculated to which of the six tastants tested were the chemosensory neurons most responsive. Figure 4 B shows the percentage of chemosensory neurons that responded to at least one concentration of MSG (89.3%), NaCl (82.8%), sucrose (91.5%), citric acid (83.8%), quinine (61.1%), and water (57.4%). To further characterize the firing patterns of these neurons, we calculated the maximum firing rate and the time that it occurred for the tastant-evoked (independent of concentration) and background (third, unreinforced lick) responses. As seen in Table 1 , on average, the maximum firing rate was higher in the presence of tastants than for the background ( p Ͻ 8 ϫ 10 Ϫ13 ; t test), whereas the time of this maximum occurred earlier for the background than the evoked response ( p Ͻ 1 ϫ 10 Ϫ13 ; t test). It is on the basis of such differences between firing rate magnitudes and latencies that the glm discriminates between reinforced and unreinforced licks.
Lick-sensitive, tastant-insensitive neurons
Three representative lick-sensitive but tastant-insensitive responses are depicted in Figure 5 . For the responses shown in Figure 5A , no statistically significant difference was found between reinforced and unreinforced licks ( p Ͼ 0.4) or between tastants ( p Ͼ 0.8). After each lick, the firing rate of this neuron peaked after ϳ60 ms. In general, for all lick-sensitive, tastantinsensitive neurons, the latency between the time of the lick to the time of peak firing was 74.2 Ϯ 2.8 ms. Lick-sensitive neurons such as the one shown in Figure 5A comprised 14.6% (26 of 178) of the population (Table 2) .
A second type of lick-sensitive, tastant-insensitive response is shown in Figure 5B . For this example, reinforcement delivery of any tastant tested elicited a strong excitatory response that was greater than the activity evoked by licking the dry tube ( p Ͻ 0.0001). This neuron responded to all tastants tested with a marked increase in firing at ϳ80 ms, but failed to discriminate between any of them ( p Ͼ 0.6). This type of neuronal response was found in 14.6% (26 of 178) of the GC neurons. The averaged PSTH for all tastant trials is depicted in the far right panel. Here, it is evident that a prominent lick-driven response is centered at about Ϫ130 ms. Moreover, it is clear that tastant delivery elicits a much larger response over the background firing rate driven by rhythmic licking. Although the activity of this neuron could rep- Figure 5 . Non-chemosensory neurons that covary with licking. A, The evoked activity is shown to occur in oscillatory bursts 50 -60 ms after each lick. This activity, however, is not sufficient to discriminate between reinforced and unreinforced licks ( p Ͼ 0.4) or between tastants ( p Ͼ 0.8). B, This excitatory activity shown was found to be sufficient to discriminate between reinforced and unreinforced licks ( p Ͻ 0.0001), but not between tastants ( p Ͼ 0.6). C, The elicited activity of this neuron was found to be sufficient to discriminate between reinforced and unreinforced licks ( p Ͻ 4 ϫ 10 Ϫ20 ), but not between tastants ( p Ͼ 0.23). Here, it is seen that the presence of any tastant causes an inhibition of the firing rate.
resent exceptionally broad tuning to tastants, we chose not to classify such neuron types as chemosensory because the glm was unable to discriminate between the tastants. A third type of lick-sensitive, tastantinsensitive response is depicted in Figure  5C . For this neuron, the activity produced by licking a dry tube evoked a phasic excitatory response, but licking for any of the tested tastants resulted in an inhibitory response ( p Ͻ 4 ϫ 10 Ϫ20 ). An analysis of the posttastant activity revealed an inability to discriminate between any of these tastants ( p Ͼ 0.23). However, because of the low firing rate of this neuron, the tastant-evoked inhibition can be more clearly seen in the averaged PSTH on the extreme right panel where the firing rate of the cell was depressed for ϳ150 ms after any of the tastants at different concentrations were delivered. Such fluid-inhibited neurons were less frequently observed (4.5%; 8 of 178) than their fluid excited counterparts (Fig. 5B, Table 2 ).
Tastant-modulated responses
We also observed neural activity that occurred just before each lick (Fig. 6 A) . These neurons were termed "anticipatory." The spike trains of this neuron failed to discriminate between reinforced and unreinforced licks ( p Ͼ 0.3), although the firing rate was modulated by the different tastants ( p Ͻ 3 ϫ 10 Ϫ7 ). Responses of this type (3.9%; 7 of 178) displayed very precise temporal fidelity in tracking the onset of each lick.
Still another example of tastantmodulated activity is depicted in Figure  6 B. Here, it is seen that the activity tracked the licking cycle ( p Ͻ 3 ϫ 10 Ϫ77 ), but for each tastant the responses for reinforced and unreinforced licks did not differ ( p Ͼ 0.9). However, the repeated tastant deliveries within the trial caused the overall firing rate of the neuron to increase or decrease ( p Ͻ 9 ϫ 10 Ϫ15 ). For such tastantmodulated neurons (18.5%; 33 of 178), the background firing rate was different during different tastant trials.
Several characteristics of the nonchemosensory neuronal "types" are presented in Table 2 . The time to peak response is the earliest for "anticipatory" neurons at 45.0 Ϯ 5.1 ms before reinforced lick, whereas for inhibitory neurons the time to trough is 62.8 Ϯ 5.2 ms after reinforced licks. The peaks of the evoked firing rates were greatest for anticipatory neurons (22.7 Ϯ 2.0 spikes/s), although the firing rate for these neurons did not significantly differ from the . Anticipatory and state-dependent non-chemosensory neurons. A, Shown is a response where the neuron rapidly fires ϳ20 ms before each lick but fails to discriminate between reinforced and unreinforced licks ( p Ͼ 0.3). Neurons exhibiting this type of activity are termed "anticipatory." B, An example of a neuron whose activity was "state dependent" in that its firing rate was modulated by the presentation of different tastants. The activity of this neuron failed to discriminate between reinforced and unreinforced licks ( p Ͼ 0.9).
tastant-modulated neurons ( p Ͼ 0.7; t test). The evoked firing rates were the least for tastant-inhibited neurons, being 7.2 Ϯ 0.7 spikes/s at the trough.
Controls for the influence of expectation
One concern with using the FR5 protocol is that chemosensory responses potentially can be confounded with activity resulting from the expectation for tastants to be delivered every fifth lick. To test for this possibility, we analyzed the differences between the activities for the second and fourth unreinforced licks. If they differ, then residual tastants might be left in the mouth during lick 2 or anticipation-related responses might develop as the animal perceives that tastants will be available on lick 5. We found that 55.7% (34 of 61) of the chemosensory neurons discriminated between the second and fourth unreinforced licks (all values of p Ͻ 0.05). For only one neuron, the tastant-evoked activity persisted into the second unreinforced lick, so this lick was of greater magnitude than the fourth unreinforced lick (Fig. 2 D) . In an additional 18 neurons, the second lick was also larger than the fourth lick. For the remaining 15 neurons, the activity evoked by the fourth lick was greater than that evoked by the second lick. However, in all 61 chemosensory neurons, we found that the absolute magnitude of the tastant-evoked response was significantly ( p Յ 0.05) greater than the activity during licking (Table 1; Figs. 2, 3, 7-11; supplemental Figs. S1-S3, available at www. jneurosci.org as supplemental material). Therefore, because the differences between the second and fourth licks are small relative to the magnitude of the tastant-evoked responses, it follows that non-chemosensory contributions do not confound the identification and quantification of chemosensory signals (see Materials and Methods).
In addition, given the temporal complexity of the background and chemosensory responses, we performed another control for possible contributions arising from the animal expecting a tastant to be delivered on the fifth lick. In these experiments, some rats were first tested on the FR5 schedule and then were switched to a variable ratio (VR5) schedule. If the responses seen after tastant delivery are a composite of chemosensory and anticipatory effects, then the responses to tastants should differ between the two schedules. That is, responses on the FR5 schedule might contain both chemosensory and anticipatory components, whereas the VR5 schedule should only elicit chemosensory responses because the animal will not know exactly when the tastants are going to be delivered. If the responses differ under the two schedules, then it is reasonable to assume that these effects are attributable to the expectation of a tastant to be delivered. If, however, the tastant responses remain unchanged between schedules, then the responses that are reported are strictly chemosensory. We found that the responses to tastants for the chemosensory neurons were not significantly different in these two protocols ( p Ͼ 0.05). In the case of the FR5 schedule, subjects might lick in a certain way when they expect to receive hedonically positive tastants on the fifth lick, and might lick another way if they expect to receive hedonically negative tastants. During the VR5 schedule, the animals do not know when the tastant is going to be delivered, so their lick patterns should not vary. Because there are no differences between the tastant responses in FR5 and VR5 schedules, this implies that observed differences in firing patterns are truly chemosensory and are not a product of expectation or different lick patterns for different tastants.
In summary, given that the magnitude of tastant-evoked responses are much greater than the responses during unreinforced licking and that the responses to tastants do not significantly differ between the FR5 and VR5 schedules, it follows that relative to the chemosensory responses the effects of tastant expectation are small and therefore do not confound our quantification of tastant-evoked activity.
Chemical tuning, concentration dependence, and validation of the glm
The chemical tuning profiles of three chemosensory neurons are presented in Figures 7-12. Figures 7, 9 , and 11 depict the raster plots and the PSTHs (with 5 ms bins), and Figures 8, 10 , and 12 are presented to demonstrate the capability of the glm to capture many of the temporal characteristics and the tuning profiles of these three neurons (in 15 ms bins). The complete responses together with the background activity are seen in supplemental Figures S1-S3 (available at www.jneurosci.org as supplemental material). We found that, in the 61 chemosensory neurons, the glm faithfully reconstructed the overall magnitude and dynamics of the PSTHs for each tastant. For these 61 neurons, 85.7 Ϯ 2.2% of the observed data fell within the 90% predictive intervals constructed around the fitted values. This indicates that the predic- The left panels present the observed firing patterns to each of the tastants, and in the right panels the best-fitted values are depicted as given by the glm. The responses to each of tastants are shown over a 150 ms window, which is the approximate interval between licks. The mean spike counts Ϯ SEMs for each 15 ms bin are plotted on the ordinate, and the bin numbers are located on the abscissas. Each row of panels corresponds to the responses of the neuron with respect to different concentrations of a given tastant. The first row of panels corresponds to MSG, the second to NaCl, the third to sucrose, and the fourth to citric acid and water. For each panel, purple diamonds represent the responses to the highest tastant concentration, red squares represent the responses to the middle concentration, and green triangles indicate the responses to the lowest concentration. Note the good agreement between the observed data and the fitted values returned by the glm. The model contains 72.3% of the observed data within the 90% predictive interval. As seen in both the observed and fitted data, the time of maximal separation between 0.3 and 0.1 M MSG is at 105 ms, whereas the point of maximal separation between 0.075 M sucrose and the higher concentrations is at 75 ms.
tions of the glm reasonably represent the original data. The glm, however, does possess limitations. First, it assumes that the Xs in different bins are conditionally independent given the s, an assumption which might not be valid. In addition, although the glm accurately reconstructs the overall trends of the data (Figs. 8, 10,  12 ; supplemental Figs. S1-S3, available at www.jneurosci. org as supplemental material), it fails to capture all of the small firing rate fluctuations because of the choice of using 15 ms size bins.
Analysis of the spike trains presented in Figure 7 revealed that they could discriminate between reinforced and unreinforced licks ( p Ͻ 2 ϫ 10 Ϫ84 ) and between the tastants themselves ( p Ͻ 5 ϫ 10 Ϫ18 ). This neuron responded to all five tastants tested, although it was unresponsive to 0.075 M MSG ( p Ͼ 0.07). The precise temporal dynamics of the taste responses are evidenced by the response to 0.3 M MSG that displays a sharp temporal alignment of the onset of activity 80 -90 ms after tastant delivery. This alignment persisted across 32 deliveries of MSG spanning a total of four MSG trials, in which each MSG trial (or 8 deliveries) was separated by 11 trials (88 tastant deliveries) corresponding to the other tastants. Such time-locked responses were similarly robust for 0.075 M NaCl, 0.075 M sucrose, and water. This cell also responded to 0.1 M MSG and to 0.005 M citric acid, but the spike trains were not as time-locked as they were for the higher concentrations of these tastants. The responses to changes in concentration were complex and will be described in detail below.
The mean activity in 15 ms increments (up to 150 ms) for all tastants shown in Figure 7 is depicted in the left panels of Figure  8 , and the fitted values returned by the glm in these same 10 bins are given in the right panels (for clarity, we have omitted here the activity evoked by unreinforced licking; these data are shown in supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). This arrangement is also maintained in the remaining two examples [Figs. 10, 12; supplemental Figs. S2, S3 (available at www.jneurosci.org as supplemental material), respectively].
For the activity presented in Figures 7 and 8 , the overall fit of the glm to the data are reasonable because 72.3% of the observed data fell within the 90% predictive interval. In regard to the example given in Figure 8 , it is seen that, for MSG in both the observed and fitted curves, increasing the concentration resulted in an increase in firing rate. Whereas the neuron was unresponsive to 0.075 M MSG, both of the higher concentrations elicited responses (values of p Ͻ 2 ϫ 10 Ϫ10 ). For 0.1 and 0.3 M MSG, the two patterns only differ for 15 ms between 90 and 105 ms. All three NaCl concentrations elicited responses (values of p Ͻ 2 ϫ 10 Ϫ7 ), but increasing the NaCl concentration did not cause the magnitude of the firing rate to increase. Sucrose also elicited significant responses at all concentrations (values of p Ͻ 0.004), but the firing rate decreased with increasing concentrations of sucrose. In particular, 0.075 M sucrose elicited the largest response, and the time of greatest difference between 0.075 M and the other Figure 9 . These graphs represent the evolution of the response of the neuron to the tastants over the 150 ms window. The observed firing patterns are presented in the panels on the left, and the panels on the right depict the best-fit curves generated by the glm. As seen, there is a good overall agreement between the observed data set and the predictions of the model, because 88.5% of the observed data fell within the 90% confidence interval. Note that the firing pattern for 0.1 M MSG differs from 0.075 and 0.3 M only between 90 and 105 ms. two sucrose concentrations is at 75 ms. This neuron also responded to both concentrations of citric acid (values of p Ͻ 6 ϫ 10 Ϫ7 ), but the higher concentration elicited a smaller firing rate. Finally, this neuron was also responsive to water ( p Ͻ 6 ϫ 10 Ϫ14 ). In summary, this example shows that a GC neuron responded to increases in tastant concentration by either increasing or decreasing its firing rates and also by altering its temporal dynamics.
The responses of a different chemosensory neuron in which all five tastants evoked significant phasic activity are presented in Figure 9 . The evoked activity differed between reinforced and unreinforced licks ( p Ͻ 1 ϫ 10 Ϫ35 ) and between tastants ( p Ͻ 1 ϫ 10 Ϫ16 ). This example illustrates that selective tastant responses can be evoked by intermediate tastant concentrations. In this regard, of the three MSG concentrations tested, only 0.1 M MSG evoked a response ( p Ͻ 0.0001) with a peak in activity occurring at 105 ms. It is seen that the glm captures the overall shape of the elicited responses (Fig. 10) . The responses to NaCl appeared "normal" because increasing the NaCl concentration induced increases in firing rates (all values of p Ͻ 0.007). For the three NaCl concentrations, the maximal separation in the patterns occurred at 105 ms. Sucrose evoked responses at all concentrations (values of p Ͻ 0.0002) but elicited the most activity at the middle concentration (0.1 M). Only the higher concentration of citric acid (0.01 M) evoked a response ( p Ͻ 2 ϫ 10 Ϫ5 ) with a peak in activity occurring at 75 ms. Finally, water also evoked a response ( p Ͻ 4 ϫ 10 Ϫ5 ) with peaks at 30 and 105 ms. For this neuron, 88.5% of the observed data fell within the 90% predictive interval constructed by the model. Figure 11 shows a third example of a broadly tuned neuron that exhibited complex responses to changes in concentration.
This example was chosen to illustrate that GC neurons can respond to both quinine and sucrose, two tastants with diametrically opposed hedonic qualities. The evoked activity was sufficient to discriminate between reinforced and unreinforced licks ( p Ͻ 5 ϫ 10 Ϫ5 ) and between tastants ( p Ͻ 7 ϫ 10 Ϫ15 ). Figure 12 displays plots of the activity of this neuron for all tastants in the left panels and the predictions of the model in the right panels. Again, it is seen that the predictions of the model generally match the observed data at every concentration, although some of the small fluctuations are missed (the model captured 63% of the observed data within the 90% predictive interval). Although a response to 0.025 M MSG was not evoked ( p Ͼ 0.25), robust and temporally precise responses to 0.075 M (75 ms) and 0.1 M MSG (90 ms) were observed (values of p Ͻ 0.01). The responses to NaCl were complex in that phasic responses were elicited at 0.1 and 0.025 M (values of p Ͻ 0.01), but not at 0.075 M ( p Ͼ 0.9). Responses to sucrose were evoked at all three concentrations tested, but the intermediate concentration (0.075 M) evoked the greatest peak response at 90 ms. This neuron was also activated by quinine, which generated robust, temporally precise responses (peaks ϳ100 ms) that increased with concentration. Finally, water also evoked a response.
Responsiveness of GC neurons to changes in concentration
From the three examples given in Figures 7, 9 , and 11, it is seen that the GC responses to increases in concentration were not simply a corresponding monotonic increase in firing rate as was found in some (Yaxley et al., 1990; Scott et al., 1991) but not all (Yamamoto et al., 1984) studies. Rather, neurons often exhibited complex responses to changes in concentration. For one tastant, the same neuron might increase its firing rate as the concentration increased, whereas for another tastant it may only be responsive to an intermediate concentration. For the chemosensory neurons, supplemental Table 1 (available at www.jneurosci.org as supplemental material) presents the variety of responses induced by changes in concentration observed for the different tastants. From these data, it is evident that, although a few neurons either monotonically increased or decreased their firing rates in response to changes in concentration of MSG, NaCl, and sucrose, the vast majority of them (71.6%) responded to concentration changes in a complex manner. In such instances, the middle concentration might evoke the highest firing rate (see response to 0.1 M sucrose in Fig. 9 ), or the highest and lowest concentrations might elicit the highest rates (see NaCl in Fig. 11 ), or the neuron might respond to only one concentration (see 0.1 M MSG in Fig. 9 ). Because citric acid and quinine were tested at only two concentrations, the responses elicited by these tastants could increase, decrease, or remain unchanged. For the case of citric acid and quinine, an approximately equal number of neurons increased or decreased their responses as the concentration increased. In summary, the vast majority of neurons do not re- spond monotonically to concentration increases or decreases, but rather they respond in a complex manner.
From the perspective of transduction processes, one would expect the latency of GC responses to be inversely proportional to concentration (Sato et al., 1987; Min et al., 1998) . The firing rate latencies were pooled across MSG, NaCl, and sucrose from 0.075 to 0.3 M, and this mean was compared by an unpaired t test to the pooled average of the same three tastants at 0.025 M. Independent of the tastants, we found that the response times for 0.025 M were significantly longer ( p Ͻ 0.008) than for the response times at 0.075, 0.1, and 0.3 M. Response latencies for tastants at 0.025 M ranged from 97.5 to 120.0 ms, whereas the latencies for the higher concentrations ranged from 78.6 to 97.5 ms (Table 3) . For the higher concentrations, the response times were similar across tastants, whereas the latencies for tastants at 0.025 M are quite significantly different, perhaps because this concentration is closer to threshold and therefore transduction processes will be slower.
Discussion
Psychophysical studies have shown that rats can identify tastants in a single lick (Halpern and Tapper, 1971) . By using a glm to separate somatosensory and gustatory responses, we found that sufficient information is present in the spike trains of GC neurons to distinguish among tastants in a single lick.
Using the glm to analyze GC spike trains
To determine how chemosensory information may be encoded in recordings from freely licking rats, the contributions of temporally varying somatosensory and chemosensory responses must be separated. We have addressed this problem through the use of a generalized linear model (McCullagh and Nelder, 1989) .
The fitted values of the glm accord well with the observed data in that 85.7% of the data for chemosensory neurons fell within the 90% predictive intervals. In this respect, the glm can better represent precise temporal responses than time-averaged models that use single bins to represent the evoked and background responses (see Materials and Methods). In summary, the glm has been found to be a valuable tool to represent the GC spike trains evoked from freely licking rats.
Lick-sensitive, non-chemosensory neurons
Multiple electrophysiological studies have indicated that the gustatory cortex in both primates and rodents contains neurons that process combinations of chemosensory, somatosensory, anticipatory, hedonic, and visceral information (Yamamoto et al., 1988 (Yamamoto et al., , 1989 Yaxley et al., 1990; Plata-Salaman et al., 1992 , 1993 Scott et al., 1994 Scott et al., , 1999 Katz et al., 2001 Katz et al., , 2002 Ogawa and Wang, 2002) . These results perhaps should be expected because the GC receives inputs from many cortical areas including the primary somatosensory cortex (SI) (Yoshimura et al., 2003) .
Recording from rats engaged in the FR5 schedule revealed several types of neuronal activity. Three non-chemosensory neuronal types covaried with the lick cycle. The first type tracked the onset of each lick with great fidelity but failed to discriminate between reinforced and unreinforced licks (Fig. 5A) . Likely, these neurons were either strictly somatosensory or projected to motor nuclei involved in tracking the lick cycle. The second type discriminated between reinforced and unreinforced licks (Fig. 5B ) and was likely activated by somatosensory input from fluid in the Figure 11 . The observed responses of the neuron for each tastant are presented in the graphs on the left, and the right panels depict the fits for each tastant as predicted by the model. The model accounts for 63.0% of the observed data within the 90% confidence interval. Note that, for MSG, 0.1 M elicits a peak at 75 ms, whereas 0.075 M elicits a peak at 90 ms. Hence, a span of 15 ms can be used to discriminate between concentrations of tastants. Whereas the middle concentration of NaCl evokes the smallest response, the times to peak after each concentration of NaCl do not differ among each other. In contrast, different sucrose concentrations elicit peaks at differing times. For 0.025 M sucrose, the maximal firing rate occurs at 75 ms, whereas for 0.075 M and for 0.3 M, the maximal firing time occurs at 90 ms. Increases in the quinine concentration, however, lead to increases in firing rate without causing the peak response time to shift.
oral cavity that was absent in unreinforced licks Verhagen et al., 2003) . The third type also differentiated between reinforced and unreinforced licks, but the delivery of any tastant resulted in an inhibition of responses (Fig. 5C ). This type of neuronal response, which was also seen in the SI of freely whisking rats (Krupa et al., 2004) , could contribute to encoding the presence of fluid in the mouth. Two additional types of non-chemosensory responses were also identified (Fig. 6) . The first exhibited a temporally precise and sparse response that occurred immediately before the onset of each lick. Such a response could represent the activity related to jaw opening or tongue protrusion (Travers et al., 1997) . The next type of lick-sensitive response was one in which the neuron failed to discriminate between reinforced and unreinforced licks but for which the overall firing rate was modulated by the different tastants (Fig. 6 B) . This activity appears to be "state dependent," because these responses may be a consequence of the animals learning that the tastants were delivered in blocks of eight and hence had differing expectation levels during different tastant trials. This translates into an overall firing rate modulation that may reflect the way the subjects track different tastant trials.
Chemosensory neurons
We found that 34.2% of the GC neurons exhibited chemosensory responses. These neurons were very broadly tuned, possessing an average entropy of H ϭ 0.971 Ϯ 0.007 (n ϭ 61). Previous single unit recordings from GC in awake or anesthetized rats have found average entropy values of 0.54 (Yamamoto et al., 1984 (Yamamoto et al., , 1989 , which approximately matches the 0.56 -0.75 found in awake, nonhuman primates (Yaxley et al., 1990; Scott et al., 1991; Smith-Swintosky et al., 1991) . That our entropies were higher than those previously reported can be rationalized, in part, by noting that the gustatory responses often differ significantly from baseline for only a few milliseconds (Figs. 2, 3 , 7, 9, 11), and averaging the activity over several seconds would eradicate this temporally precise information. Another reason is that, for each tastant, the maximal response evoked at any concentration was selected for the calculation. That these neurons are broadly tuned indicates that any gustatory coding scheme should, to a large extent, be combinatorial (Ganchrow and Erickson, 1970) .
Another implication of the broad tuning profile of GC neurons involves the spatial separation of taste responses. In this regard, of the 18 chemosensory neurons that were tested with both sucrose and quinine, 11 responded to both stimuli, and of the 56 that were tested with both NaCl and sucrose, 76.8% responded to both. This is of interest because receptors for sweet and bitter tastants are found on distinct populations of taste receptor cells that, when activated, lead to predictable behaviors of acceptance or rejection (Zhang et al., 2003) . In addition, a recent morphological study found that the mouse gustatory pathway, including the GC, maintains separate populations of neurons for bitter and sweet tastants (Sugita and Shiba, 2005) . Additionally, intrinsic imaging studies of rat GC have indicated that NaCl and sucrose elicit activity in separate spatial locations (Yoshimura et al., 2004) . Other electrophysiological studies of both rat and nonhuman primate GC, however, have indicated that neurons can respond to both sucrose and quinine and to sucrose and NaCl (Scott et al., 1994; Katz et al., 2001) . At this time, the origin of this discrepancy is unclear. However, it may be partially rationalized by noting that electrophysiological recordings can detect smaller changes than do morphological studies and/or that the neurons from which we have recorded may not be those connected to the apparent labeled line from the taste cells.
Coding
Throughout the gustatory pathway, there have been numerous studies of the effects of changes in the tastant concentration on responses to chemical stimuli. Studies with either anesthetized or awake rodents or nonhuman primates have shown that increasing the tastant concentration will usually produce increases in firing rates. This would be expected if the firing rates were related to the perceptual intensity of the tastants as was found in GC responses in nonhuman primates (Yaxley et al., 1990; Scott et al., 1991) . Accordingly, we found responses that increased with tastant concentration (Figs. 7, 8 ). However, both Yamamoto et al. (1984) and we found that, in response to increases in concentration, not all chemosensitive GC neurons increase their firing rates. Moreover, in the same neuron, the responses to one tastant may increase with concentration, whereas they may decrease for another and for a third tastant a middle concentration may elicit the greatest activity (Figs. 11, 12) . Indeed, as presented in supplemental Table 1 (available at www.jneurosci.org as supplemental material), the majority of neurons respond to concentration changes with complex, nonlinear changes in firing rate. In summary, changes in concentration can result in a variety of GC responses that reflect both changes in firing rates and changes in the dynamics of the response. We suggest that both properties may be used to encode changes in concentration. We speculate that, in response to concentration changes, such varied behavior could be a consequence of the fact that GC receives (and transmits) information from other cortical and subcortical areas (Smith and Li, 2000; Lundy and Norgren, 2004) and that these areas will respond differentially to different tastants and concentrations of tastants. In particular, tastants such as quinine and sucrose possess different hedonic valences, so additional networks may be recruited to reflect different palatabilities (Small et al., 2003; Sewards, 2004) .
Statistically sufficient information to discriminate among tastants is available in 150 ms
Behavioral studies have shown that rats can discriminate among tastants in a single lick (Halpern and Tapper, 1971) . In the visual and auditory systems, the minimum amount of time required by human subjects to perceive a stimulus is ϳ150 -200 ms (Koch, 2005) . In the olfactory system, rats are capable of discriminating between odorants in a single sniff, or Ͻ200 ms (Uchida and Mainen, 2003) . Together, it appears that, in many sensory systems, ϳ150 ms is sufficient time for organisms to distinguish among stimuli. Here, we have shown, for the first time, that GC recordings from motivated animals contain sufficient information to discriminate among tastants in a single lick. Approximately 70 ms after tastant delivery, statistically significant chemosensory differences could be discriminated in the subsequent 50 -80 ms within the 150 ms lick cycle supplemental Figs. S1-S3, available at www.jneurosci.org as supplemental material). This suggests that, in a motivated, freely behaving animal, salient chemosensory information sufficient to distinguish among stimuli can occur in very short time intervals. Indeed, it is likely that it is the very precise temporal responses to tastants that permit this discrimination. This feature suggests that temporal dynamics may also be an important component in the processing of taste-related information (Katz et al., 2002; Di Lorenzo et al., 2003; Katz, 2003) .
